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The confluence of the Zambezi and Chobe rivers represents an area of rich species diversity. A. invadans shows little host specificity, and by 2008, the disease had been observed in 22 different indigenous species of fish in this area alone (Huchzermeyer & Van der Waal, 2012; Songe et al., 2012) , and from over 93 species of fish to date, many of these from the Zambezi floodplains in Southern Africa (Anon 2016a). The disease has subsequently been reported in 2010 from the Okavango Delta in Botswana (Anon 2011), an inland delta where the Kavango River drains into the Kalahari Desert, and in 2011, from Lake Liambezi in Namibia (McHugh, Christison, Weyl, & Smit, 2014) . Lake Liambezi receives inflow from the Zambezi, Chobe and Linyati rivers and, as in the case of the Zambezi floodplains, supports a thriving artisanal fishery. By 2014, outbreaks of the disease in South Africa were reported from divergent catchments with no connection to the Zambezi: the Palmiet and Eerste rivers in the Western Cape Province (Huchzermeyer & Van der Waal, 2012) and the Limpopo catchment in the Northwest Province (K. D. A. Huchzermeyer, unpublished observation 2014) .
Within the Zambezi catchment, the floodplain ecosystems of the upper Zambezi in Zambia, Angola, Namibia, Botswana and Zimbabwe and of the Kafue River in Zambia have been impacted by EUS. The disease has shown its most rapid spread in Zambia, a land-locked country of high summer rainfall and a species-rich fish fauna.
In this article, we report on the first confirmed outbreak of EUS in Bangweulu Wetlands, a public-private conservation partnership that manages the Game Management Areas (GMAs) of the south-eastern part of the Bangweulu swamps in northern Zambia, encompassing an area of 4,000 km 2 (Anon 2016b) (Figure 1) , and provide the first documentation of spread of the disease into the Upper Congo River catchment. We describe EUS from a number of species.
Materials and methods

Sampling and observations
The occurrence of a potentially notifiable disease of fish in the Lukulu Delta, around Chikuni Station, in Bangweulu Wetlands was reported to the relevant authorities on 6th May 2014. Fishery monitors in the employ of Bangweulu Wetlands, who interact with local fishermen, were alerted, and observations of fish with signs indicative of EUS were recorded. Local fishermen were interviewed, and their beliefs as to possible causes of the observed signs were recorded. To confirm the disease, tissue samples were collected from six Enteromius paludinosus Peters and from six Clarias gariepinus (Burchell) specimens, with signs typical of EUS, caught in the channels of the river from the 27th to 30th May 2014. All sampled sick fish were killed with an overdose of clove oil. Tissue specimens from C. gariepinus comprising skin, dermis and muscle were collected from the edge of ulcers extending across the margin of the ulcer to include adjacent healthy/normal appearing tissue. From each fish, one tissue sample measuring approximately 10 9 5 9 5 mm was fixed in 10% buffered formalin for histological processing and a sample of approximately half this size was fixed in 98% ethanol for analysis by polymerase chain reaction (PCR) for the presence of A. invadans genomic DNA. Cross sections of the entire body, 5-10 mm in thickness, and incorporating the observed lesions, were collected from the much smaller E. paludinosus and were fixed in the same manner.
Histology
The formalin fixed tissue was processed by standard histological technique, and 5-lm sections were stained with haematoxylin and eosin (H&E) and with Grocott's methenamine silver https://repository.uwc.ac.za/ (GMS) stain. The sections were examined by standard light microscopy for presence of histological changes pathognomonic of EUS.
. 3 Molecular diagnosis
Tissue samples collected from C. gariepinus (n = 4 specimens) and E. paludinosus (n = 1 specimen) were processed for PCR to confirm whether the samples were infected with A. invadans. Ethanol-fixed tissue samples for PCR were placed in 300 ll STE buffer (100 mmol/L NaCl, 50 mmol/L Tris-HCl, 1.26 mmol/L EDTA, pH 7.5), supplemented with 2% (w/v) sodium dodecyl sulphate (SDS) and proteinase K (0.3 mg/ml) and incubated at 56°C overnight. Genomic DNA was extracted using standard phenol-chloroform and ethanol precipitation methods (Sambrook, MacCallum, & Russel, 2000) . The resultant supernatants containing isolated genomic DNA were stored at -20°C until needed.
A 550-bp fragment of the A. invadans internal transcribed spacer (ITS) gene was amplified using EUS-specific primers recommended by the OIE (Anon 2016a), namely forward primer ITS-11 (5 0 -GCC GAA GTT TCG CAA GAA AC-3 0 ) and reverse primer ITS-23 (5 0 -CGTG ATA GAC ACA AGC ACA CCA-3 0 ) of Phadee, Kurata, and Hatai (2004) . The reaction mixtures (25 ll) were prepared using 50 ng genomic DNA, 2 9 KAPA Taq Ready Mix (KAPA Biosystems, Cape Town, South Africa) and 400 nmol/L forward primer and 400 nmol/L reverse primer. Amplification was conducted using the Labnet Multigene Thermal Cycler (Labnet International, Inc.) and consisted of an initial denaturation of 5 min at 94°C, followed by 25 cycles of 30 s at 94°C, 30 s at 56°C and 1 min at 72°C, with a final extension of 5 min at 72°C. Known amounts of A. invadans DNA served as a positive control. In addition, nontemplate controls (PCR-grade H 2 O) were analysed to ensure that the reagents were not contaminated and there was no amplification except for the A. invadans DNA. The amplified PCR products (5 ll) were analysed by 0.8% agarose gel electrophoresis to verify reaction specificity and fragment size before being purified using a PCR purification kit (Roche) according to the manufacturer instructions. The purified ITS rRNA PCR products were sequenced using a BigDye Terminator Cycle Sequencing Kit (Applied Biosystems) and ABI3730xl Genetic Analyzer (Applied Biosystems) according to the sequencer manufacturer's instructions. Both forward and reverse primers (ITS-11 and ITS-23, respectively) were used for cycle sequencing. Sequences were edited and assembled using CLC Main Workbench version 6.9 (CLC Bio, www.clcbio.com). Homology searches were carried out using the BLASTN algorithm (Altschul, Gish, Miller, Myers, & Lipman, 1990) provided by the Internet service of the National Centre for Biotechnology Information (http://www.ncbi.blast.nlm.nih.gov/ BLAST/).
Results
Observations of disease
Visibly sick and weak fish with focal red and ulcerative lesions were initially detected on 30th
April 2014 along a drying channel at Chikuni Station (11°58 0 05″ S; 30°15 0 19″ E), where the Lukulu River forms a delta entering the Bangweulu swamps (Chiundaponde Chiefdom, Mpika District, Zambia). The first sick fish noticed were thought to have been injured by birds or by trap baskets used by fishermen. On the evening of 1st May 2014, a large number (n > 50) of juvenile catfish (Clarias spp., 150-180 mm in length) were seen in shallow water, all exhibiting pink, round skin lesions. In the following days, moribund fish with the aforementioned skin https://repository.uwc.ac.za/ lesions were observed dying. In addition to Clarias spp., similar red skin lesions were noticed in two other species: E. paludinosus and E. trimaculatus Peters. Fish with lesions were weak or immobile, with a retarded ability to flee capture. Most observations were made in shallow water, away from currents. Sick fish were rarely encountered in deeper water. Various water birds were noticed preying on sick fish and removing dead fish.
On 3rd of May, fish with lesions were reported from two fishing camps, 1 km and 3 km from Chikuni, along the edge of the same floodplain. Here, several adult Clarias spp. (400-450 mm in length) were observed with lesions, and fishermen reported seeing lesions on many of the smaller Enteromius spp. On the 5th May, Clarias spp. with lesions were observed elsewhere within a 3 km radius of Chikuni. In the following weeks, reports were received that the disease was being seen in various areas up to 15-20 km away from the site of initial observation.
Fishermen confirmed that they had never before seen a disease like this in the area. A range of explanations were developed ranging from bird injuries, to witchcraft and deliberate infection of the fish as a punitive measure by authorities. Fishing communities were concerned about the safety of consuming and trading infected fish, while the rapid emergence and spread of the disease lead others to fear extinction of the fish stocks. The emergence of the disease was becoming a major issue in the fishing communities and beginning to result in unrest.
Suspicion of EUS
The size, shape and occurrence of skin lesions on multiple fish species, ranging from focal areas of intense inflammation and hyperaemia of the skin to deep ulcerations with exposure of underlying muscle (Figure 2a (Figure 2c ), Ctenopoma multispine Peters (common, often with secondary oomycete infections and raised scales) (Figure 2d ), E. trimaculatus (commonly with lesions), while Marcusenius macrolepidotus (Peters) and Pollimyrus isidori (Valenciennes) only occasionally exhibited small lesions on the caudal peduncle and fin. Two very abundant cichlid fishes, Pseudocrenilabrus philander (Weber) and Tilapia sparmanni A. Smith, were not observed to be affected. The presentation of lesions differed to some extent amongst the species observed (Figure 2 ). In the scaleless Clarias spp., lesions were usually well-defined open ulcers (Figure 2a and e) . In Enteromius spp., lesions often remained covered with scales and were usually confined to the trunk or fin bases. Ctenopoma presented with unusual, diffuse lesions across the entire body with less visible inflammation.
https://repository.uwc.ac.za/ 7 3.3 Histopathology Examination of histological sections of lesions in skin and muscle stained with H&E revealed oomycete hyphae and associated granulomatous tracts penetrating deeply into necrotic muscle tissue in the samples collected from the E. paludinosus and C. gariepinus specimens (Table 1) . Within the granulomatous tracts, branching oomycete hyphae were visible surrounded by a dense sheath of inflammatory cells consisting predominantly of macrophages and fibroblasts with occasional giant cells (Figure 3a) . Sections stained with GMS highlighted the depth to which hyphae invaded the tissues (Figure 3b) . In sections from a single specimen of E. paludinosus that presented with an ulceration on the head, oomycete hyphae were observed within several areas of the brain (Figure 3c ). Smaller diameter non-invasive hyphae, typical of opportunistic saprophytic oomycetes, were frequently observed covering the surface of the ulcerative lesions.
Molecular diagnosis
Genomic DNA isolated from E. paludinosus (sample BW-A1) and C. gariepinus (samples BW-A2, BW-A3, BW-A4 and BW-A5) was subjected to PCR. The genomic DNA included as positive controls, as well as all of the tissue samples that were tested, produced a positive result in the PCR, yielding a band of expected molecular weight (~550-bp for the ITS gene) (Phadee et al., 2004) . No amplification occurred in the nontemplate control sample, confirming the specificity of the PCR reactions.
To further validate the presence of A. invadans in the aforementioned samples, the ITS gene sequence of each PCR product was determined. Nucleotide sequences greater than 500 bp in length were determined for all samples, with the exception of sample BW-A2. Poor or "dirty" sequence data was obtained for the later sample, and as a consequence, the data were omitted from further analysis. The remaining nucleotide sequence data were deposited in GenBank database as accession numbers KU529683, KU529684, KU529685 and KU529686 for samples BW-A1, BW-A3, BW-A4 and BW-A5, respectively. Analysis of the nucleotide sequences showed 100% concordance amongst the samples. Furthermore, a BLAST search of the GenBank database revealed that the gene sequence of each PCR product had 100% similarity to all the A. invadans ITS gene sequences that have previously been deposited in the GenBank database, supporting the PCR findings in this study and confirming the presence of the causative agent of EUS in the tested samples.
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Discussion
This study confirms the first cases of EUS from the Bangweulu swamps. The presence of a granulomatous myonecrosis associated with deeply invading branched oomycete hyphae, observed histologically in tissues from the sampled fish, was consistent with infection by A. invadans and served as one of the confirmatory tests required for a diagnosis of EUS (Anon 2016a). In addition, the samples from C. gariepinus and E. paludinosus that tested positive by molecular means satisfied the conditions required for PCR analyses for confirmed cases of EUS as it is currently regarded by the OIE (Anon 2016a). Isolates of A. invadans from around the world have been shown to be homologous (Anon 2016a; Baldock et al., 2005; Lilly et al., 1997) . Consistent with these previous findings, we observed a complete lack of genetic diversity between the A. invadans isolates obtained from C. gariepinus and E. paludinosus as well as 100% homology with all A. invadans ITS sequences deposited in the Gen-Bank database.
The Zambian Department of Fisheries (Ministry of Livestock and Fisheries) were formally notified of the disease outbreak, and a far-reaching education campaign was begun by Bangweulu Wetlands through its community extension officers and the fisheries comanagement committee active in the area. This contributed to quelling the unrest amongst the fishing community by addressing the fishermen's fears of loss of livelihood.
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The Chambeshi/Luapula River, regarded as the source of the Congo River (Scott, 2005) , and the extensive, oligotrophic Bangweulu swamps with their large, seasonal floodplains, covers a basin of 15,000 km 2 before draining into the Congo River in the Democratic Republic of Congo (DRC) (Kolding, Ticheler, & Chanda, 2003) . The Bangweulu swamps form part of the Bangweulu-Mweru Freshwater Ecoregion and contain a significant richness of aquatic biodiversity and a fish fauna that, although related to that of the Zambezi system, shows a greater similarity to the ichthyofauna of the Congo Basin (Scott, 2005; Van Steenberge, Vreven, & Snoeks, 2014) . The region is considered globally outstanding and of highest conservation priority (Scott, 2005) . The Congo Basin has an ichthyofaunal endemism of 75% (Van Steenberge et al., 2014) , which now stands to be impacted by EUS. Subsequent to this study, the first outbreak of EUS in the Congo Basin was reported from the DRC in 2015, affecting the Equateur Province in the north-west of that country (Anon 2017).
The Bangweulu floodplain and swamp supports one of the largest artisanal fisheries in Zambia (Musumali, Heck, Husken, & Wishart, 2009) . Fish are harvested seasonally through an extensive and unique network of fish weirs that cover some 7,000 km 2 (Huchzermeyer, 2013; Kolding et al., 2003; McKey et al., 2016) . This provides the main source of livelihood for an estimated 5,000 fishing families within Bangweulu Wetlands, generating income of approximately $6 million annually (C. F. Huchzermeyer, unpublished report 2013) . Therefore, sustainable management of the fishery forms a central part of the conservation strategy of Bangweulu Wetlands (Anon 2016b).
Freshwater and estuarine ecosystems in tropical and subtropical climates are particularly vulnerable to outbreaks of EUS (Boys et al., 2012) . Initial outbreaks of disease in Africa (Andrew et al., 2008; Anon 2009a; Huchzermeyer & Van der Waal, 2012; McHugh et al., 2014; Songe et al., 2012) have been particularly severe in floodplain ecosystems as observed during this study in the Bangweulu swamps where the initial severe outbreak of 2014 was followed by annual reappearance of the disease during the same months in 2015, 2016 and 2017 (personal observations C. F. Huchzermeyer, Bangweulu Wetlands, Chikuni, Zambia 2017). Following the initially severe epidemic, the seasonal resurgence of the disease observed in this study was similar to that reported during outbreaks of EUS in the upper Zambezi (Huchzermeyer & Van der Waal, 2012; Nsonga, Mfitilodze, Samui & Sikawa, 2013) and in other parts of the world (Boys et al., 2012; Pradhan et al., 2014) . As with the initial outbreaks of EUS in the Zambezi floodplains, reported by Huchzermeyer and Van der Waal (2012) , fishermen in the Bangweulu swamps soon accepted the presence of the disease. Understanding the potential impact that the seasonal resurgence of epidemic outbreaks may have on the long-term species composition and economic patterns of the fishery will be important but was beyond the scope of this study.
The species most frequently affected by EUS during this out break, C. gariepinus, C. ngamensis and E. paludinosus, have previously been identified as highly susceptible to EUS during outbreaks in the Zambezi floodplains (Huchzermeyer & Van der Waal, 2012; Songe et al., 2012) . C. theodorae manifested lesions only rarely during the EUS outbreak in the Bangweulu swamps but was reported to be commonly affected during a subsequent EUS outbreak in the DRC (Anon 2017). Presumptive lesions of EUS were also commonly observed in E. trimaculatus and C. multispine, two species from which https://repository.uwc.ac.za/ the disease has not previously been recorded. As in this study, M. macrolepidotus was shown to be affected during outbreaks of EUS in the Zambezi floodplains, though less commonly than other species, whereas the disease has not previously been recorded from P. isidori, a species that occasionally showed small lesions presumptive of EUS. T. sparmanni appeared to be unaffected consistent with the findings of Songe et al., (2012) ; although Huchzermeyer and Van der Waal (2012) have reported presumptive lesions typical of EUS in this species. It is noteworthy that P. philander, an abundant species in the Bangweulu swamps, remained unaffected by the disease.
The optimal functioning of the immune system of fish, as in the case of most poikilothermic animals, is dependent on temperature, but also on other environmental variables. Dramatic environmental change occurs with the onset of the dry season in the Bangweulu swamps. The observed drying of the shallow flood plain, modified by the extensive system of fish weirs, coincided with increasing daily temperature fluctuations associated with cooler autumn nights. Choongo et al. (2009) and Songe et al. (2012) have reported that drops in pH during the annual flood cycle of the Zambezi floodplains have coincided with outbreaks of EUS in these areas. Seasonal reductions in dissolved oxygen levels, temperature and pH, may compound an increased prevalence of injury associated with migrating out of shallow waters and explain the susceptibility to infection with A. invadans of the floodplain fish observed in this study. This is consistent with reports of EUS in the Zambezi floodplain (Choongo et al., 2009; Nsonga et al., 2013; Songe et al., 2012) and in other wetland ecosystems (Pathiratne & Jayasinghe, 2001 ).
Together with diatoms, brown algae and golden brown algae, the genus Aphanomyces falls within the kingdom of the Straminopiles. The production of free-swimming spores or zoospores, by which, in the case of A. invadans, the disease spreads from one host to the next, is characteristic of these organisms (Walker & Van West, 2007) . The formation of zoospores is one of the most rapid developmental processes in nature, and rapid dispersal of free-swimming zoospores from infected hosts may explain the epidemic spread of disease as observed during this outbreak (Walker & Van West, 2007) . It remains unclear how A. invadans survives outside of the host and during periods between outbreaks (Oidtmann, 2012) . The ability of zoospores to regain their mobility, after this has been lost in the absence of a suitable surface on which to encyst, may explain spread of the organism with water currents without the need to encyst (Willoughby & Roberts, 1994) but does not explain the spread of the pathogen between catchments as in the case of the outbreak in the Bangweulu swamps. There is also no clear evidence that fish that have survived an outbreak and demonstrate healed lesions can act as a reservoir of infection (Oidtmann, 2012) . have reported growth of A. invadans on agar at 6°C. Refrigeration and chilling of fish catches are seldom possible in the remote Bangweulu swamp fishery. If not consumed fresh, harvested fish are mostly sun-dried or smoked prior to transport to distant markets. Survival of A. invadans in such traded fish products remains unknown.
The annual cycle of drying of the Bangweulu swamps starts in April and results in a migration of fish out of the floodplain back into deeper channels. Affected fish were observed to be amongst the last fish to leave the floodplain and attracted a large https://repository.uwc.ac.za/ number and diversity of migratory piscivorous birds. Boys et al. (2012) have speculated on a possible role of such birds in the spread of EUS. A similar mechanism may explain the widely divergent localities from which EUS has been reported in South Africa.
The rich seasonal fish catches from the Bangweulu Wetlands, apart from supporting a large local artisanal fishery, also attract fishermen and fish mongers from other parts of the country (Huchzermeyer, 2013) . Mosquito nets are much favoured by artisanal fishermen in Zambia. When sown together, they become bulky and difficult to dry in the wet swamp environment. The survival of spores of A. invadans on nets and other fishing gears remains unknown.
Zambia, as a member of the OIE, observes the relevant standards recommended for movement of live fish. The aquatic biosecurity frameworks developed by FAO for Southern Africa (Anon 2009c) have been implemented through regulations governing animal movement which have been enshrined in the Zambian laws under the Fisheries Act 22 of 2011. Despite these regulations, a lack of manpower and resources has affected implementation of the Act and illegal movements of fish are commonplace. Fish imports from Asia, especially of frozen Oreochromis niloticus (Linnaeus) but also some ornamental fish, are common, and border entry points may not be strict enough to check on all imports. Zambia has experienced a rapid expansion in aquaculture, initially based on the culture of non-native O. niloticus, a species believed to be resistant to infection with A. invadans (Anon 2016a), but now also with native Oreochromis species in catchments not yet invaded by O. niloticus. This has resulted in extensive movement of live fish from potentially EUS-infected waters to areas previously free from EUS. The role of infective spores, carried in the transport water associated with shipments of potentially EUS-resistant fish species, remains unknown but provides a plausible pathway for dispersal of the pathogen. As neighbouring countries are facing a similar expansion in aquaculture, the increased movement of live fish within and between these countries provides a rapid means by which A. invadans may potentially spread within the region. The Congo River Basin consists of a vast and interconnected aquatic system where anthropogenic and natural fish movements are likely to further the spread of the disease.
Conclusion
The Bangweulu swamps have been inhabited by fishing communities who have depended on fish in this rich and diverse aquatic ecosystem for many centuries (Brelsford, 1946) . Spread of the disease into the Congo River catchment is of grave concern due to the potential impact on the diverse and poorly studied fish fauna within the sensitive rainforest ecosystems on which a large part of the Congolese population depends for its protein.
It is not known how A. invadans was introduced onto the African continent. The means by which A. invadans has spread between localities and watersheds in Africa remains poorly understood. Potential pathways by which the pathogen may spread need to be better examined, including the roles played by movement of live infected fish, transport water associated with movements of live EUS-resistant fish, water birds, fish products and fishing gears. The rapid spread of EUS in Zambia over the past decade has been paralleled by a rapid development of farming of non-native O. niloticus. This has resulted in the extensive movement of fish across the country and plausible means of dispersal of A. invadans.
https://repository.uwc.ac.za/ Despite general measures aimed at limiting the spread of trans-boundary aquatic animal diseases, countries in the affected regions of Africa have difficulty implementing effective control measures. This study adds urgency for further work that might elucidate the means by which EUS has spread through Southern to Central Africa, thereby enabling more effective control measures to be put in place.
